Abstract
North Fish Creek is underused as a trout and salmon hatchery despite its excellent water quality. The shifting-sand streambed in the lower 9 miles of the stream inhibits successful spawning and is a poor habitat for macroinvertebrates, the primary food for juvenile trout and salmon. To provide data necessary for evaluation of potential sand-loading-control practices, the U.S. Geological Survey determined total-sediment transport, particle size, and loads for three sites, designated A, B, and C, on North Fish Creek during water years 1990-91.
At site C, the most upstream site, all sediment was transported as suspended sediment. The average annual total-sediment load during 1990-91 was 479 tons. About 88 percent of the load was transported during periods of snowmelt or storm runoff. About 75 percent of the sediment load was silt-and clay-size particles; the remainder was sand.
Total-sediment discharge was calculated by the modified-Einstein procedure to determine total sediment transport-rate relations for site A, the most downstream site, and for site B. Annual totalsediment load was 11,960 tons in water year 1990 and 18,430 tons in water year 1991 at site B. About 97 percent of the total load was transported during periods of snowmelt and storm runoff. About 60 percent of the total-sediment load was sand-size particles.
Annual total-sediment loads were 20,690 tons and 33,100 tons in water years 1990 and 1991, respectively, at site A. About 67 percent of the total-sediment load was sand-size particles.
Annual average streamflow, as indicated by flow in the Bois Brule River, was about 16 percent below average in water year 1990, and about 4 percent above average in water year 1991.
There was little relation between watershed area and sediment loads for the three sites. The watershed of site C is about 41 percent of that of site A, but the sand load at site C was only 1 percent of that at site A. The watershed area between sites B and C is 40 percent of that above site A, but this area yielded 49 percent of the sand load at site A. Nineteen percent of the watershed above site A is between sites A and B, yet this area yielded about 50 percent of the sand load at site A.
INTRODUCTION
Maintenance of anadromous trout and salmon has been identified as a top priority in the "Lake Superior Management Plan" of the Wisconsin Department of Natural Resources (WDNR) (Bruce Swanson, Wisconsin Department of Natural Resources, written cornmun., 1989). Nor^h Fish Creek, a tributary to Chequamegon Bay on Lake Superior, has excellent water quality and is capable of sustaining anadromous runs of trout and salmon.
North Fish Creek is underused as a trout and salmon hatchery stream in comparison to other nearby streams. An analysis of reproduct: on in nearby streams shows that reproduction in North Fish Creek is only 40 to 50 percent of its potential (Wisconsin Department of Natural Resources, written commun., 1988). Fisheries managers believe that the shifting-sand streambed in the lower 9 mi of the stream inhibits successful spawning and is a poor habitat for macroinvertebrates, a primary food for juvenile trout and salmon.
The streambed of the lower 9 mi of North Fish Creek is underlain by 2 to 3 ft of sand; however, notes from a land survey in the 1850's indicated that the streambed was a gravel-cobble substrate at one location (Wisconsin Department of Natural Resources, written commun., 1988) . The source of the sand may be the typically steep banks of the main channel that are being eroded during high flows and gully erosion from small intermittent streams tributary to North Fish Creek.
If the sand input to North Fish Creek could be halted or controlled, the habitat for spawning trout and salmon may improve. Another benefit of sand control would be the reestablishment of pools, which might improve the winter survival of pre-smolt trout and salmon.
Input of sand to the stream could be reduced by implementing bank stabilization and/(or) control of upland soil erosion or by the removal of sand by constructing in-channel sand traps. Sand traps have been used successfully in similar streams in Michigan (Hansen and others, 1983) . Evaluation of whether sand-loading control is feasible and which control practices would be most applicable to North Fish Creek depends on determination of the annual sand load at selected stream sites. In October 1989, the U.S. Geological Survey (USGS), in cooperation with the WDNR, began a study of stream-sediment characteristics at three sites on North Fish Creek.
Purpose and Scope
The purposes of this report are to summarize and interpret sediment data that will aid in evaluation of potential sand-control practices along North Fish Creek. Data were collected during water years 1990-91 at sites on North Fish Creek near Benoit, near Moquah, and near Ashland. The report includes (1) a description of the relation of total-sediment discharge to water discharge, (2) a description of particle size of suspended sediment, bedload, and bed material, (3) estimates of annual coarse-(>0.0625 mm) and fine-(<0.0625 mm) sediment loads, and (4) comparisons of total-sediment loads from one site to another.
'A water year is the 12-month period, October 1 through September 30. The water year is designated by the calendar year in which it ends. Thus, the year ended September 30, 1990, is called the "1990 water year."
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PHYSICAL SETTING
North Fish Creek flows northeastward into Fish Creek at the confluence with South Fi?h Creek about 1 mi upstream from Chequamegon Bay of Lake Superior. North Fish Creek is 27.7 mi from the mouth to the basin divide, and its average channel slope is 21.6 ft/mi. The area of the North Fish Creek watershed is about 47 mi2 . About 60 percent of the watershed is forested, 20 percent is agricultural lands (mostly hay and pasture), and the remaining 20 percent is other land uses.
The surficial geology of the North Fi?h Creek watershed is mostly clay overlying till and stratified sand and gravel (Young and Skinner, 1974) . The surface of the area northwest of the watershed, locally called the "sand barrens," is pitted outwash of stratified sand and gravel. The high permeability (5-10 in/ hr) sand and gravel contributes to the high base flow in the North Fish Creek (Young and Skinne-, 1974) . The bedrock of the basin is wholly Precamhrian and consists of sandstone, shale and conglomerates (Young and Skinner, 1974) . The soils of the watersheds are silty clay loam and loamy sand (Hole, 1976) .
DATA-COLLECTION NETWORK
Streamflow-and sediment-monitoring stations were established at three sites on North Fish Creek in October 1989. From downstream to upstream, the sites were (1) North Fish Creek near Ashland (site A) at U.S. Highway 2, (2) North Fish Creek near Moquah (site B) at Old U.S. Highway 2, and (3) North Fish Creek near Benoit (site C) at U.S. Highway 2 ( fig. 1 ). For simplicity, the sites are hereafter referred to as "sites A, B, and C." Site B was a streamflow-gaging station equipped to cont: nuously monitor streamflow. Sites A and C were partialrecord gaging stations equipped with staff and creststage gages. Frequency of and the type of data collected at each site are given in table 1. 
METHODS

Data Collection
Standard stream-gaging methods (Rantz and others, 1982) were used to measure streamflow at all sites. Streamflow was measured at about 6-week intervals during low flow and more often during high flow to define stage-discharge relations for the sites. The gaging station at site B was equipped to record water levels at 15-minute intervals.
Staff gages at sites A and C were read weekly by a local WDNR observer. During periods of storm or snowmelt runoff, staff gages were read daily or more frequently by WDNR and USGS personnel. The crest-stage gages, which were maintained by USGS personnel, recorded peak stages.
Daily average discharges at sites A and C were estimated from an analysis of gage-height readings and discharge measurements at the sites and daily average discharge from the continuous gaging station at site B. Weekly stage readings and periodic discharge measurements were used to estimate the daily discharge for low flow. Storm hydrographs for high flows when discharged changed rapidly were denned by plotting gage-height readings. Hourly discharges were determined and summed to compute the daily discharge.
Suspended-sediment samples were collected by use of depth-integrating samplers, most commonly the US D-49. Velocity-weighted samples were collected by the equal-width-increment (EWI) method (Edwards and Glysson, 1988) .
Bedload was measured with a Helley-Smith bedload sampler (Helley and Smith, 1971 ) at sites A and B. The Helley-Smith bedload sampler was equipped with a 3-in. by 3-in. square nozzle with a 3.22 flare ratio and a 0.25-mm-mesh collection bag. The single equal-width increment (SEWI) bedloadsampling method was used (Edwards and Glysson, 1988) . Two traverses were made across the stream, and about 20 sampling locations were in each traverse. The sampler was allowed to rest on the bottom for 30 seconds at each sampling location. Subsamples were composited, air dried, and weighed. Selected bedload samples were analyzed for particle size. The sampling cross section at site C was over a concrete apron at the entrance of a box culvert. Because of supercritical water velocities at this section, all sediment transport was assumed to be in the suspended phase; thus, total sediment discharge was considered to be equal to suspended-sediment discharge.
Surface bed material was sampled at sites A and B by use of US BMH-60, US BM-54, or US BMH-80 rotary-bucket bed-material samplers (Edwards and Glysson, 1988) . Particle-size distribution of a given sediment sample is a breakdown of the sample into size classes with the weight of each size class expressed as percentage of the whole sample. Streambed sediments were sampled at 10 to 14 equally spaced locations. Surface bed-material samples were not collected at site C because the bottom of the sampled cross section was concrete. The laboratory methods used to analyze water, bed material, and bedload samples at a USGS laboratory in Iowa City, Iowa, were outlined by Guy (1969) . Concentrations of suspended-sediment samples were deter-mined by the filtration method, and particle-size distributions were determined by the visual-accumulation-tube method. Particle-size distributions of bed material and bedload were determined by the sieve method.
Sediment Discharge and Load Computation
Instantaneous total-sediment discharges were determined by two methods. One method consisted of summing concurrently measured Helley-Smith bedload discharge and suspended-sediment discharge. The second method was the modified Einstein procedure (Colby and Hembree, 1955) . The procedure is applicable to alluvial channels where bed material is finer than 16 mm and where a significant part of the measured suspended sediment is composed of particles of the same size as particles in the bed material (Stevens, 1985) . Input data required to use the modified Einstein procedure are streamflow, average water depth, effective width of the channel, suspended-sediment and bed-sediment particle size, suspended-sediment concentration, average depth of suspended-sediment sampling verticals, and depth of the unsampled zone. Hydraulic and channel geometry were determined by direct measurement during streamflow measurements, and sediment data were determined from sample analyses. A computer program by Stevens (1985) was used to do calculations for the modified Einstein procedure.
Total sediment transport curves were constructed according to procedures outlined by Glysson (1987) . The equations defining the curves were determined by regression (least squares) analysis of streamflow and total-sediment discharge.
Estimates of daily total-sediment load were determined by applying average streamflow to the sediment-transport equation. Monthly and annual loads were calculated by summing the daily loads.
HYDROLOGIC CONDITIONS DURING THE STUDY
Precipitation during the study (water years 1990-91) was less than normal in the first year and greater than normal in the second year ( fig. 2A ). Normal precipitation, which is defined as the 1961-90 average annual precipitation, was 30.1 in. at the U.S.
Weather Bureau station at the University of Wisconsin Experimental Farm at Ashland, Wis., about half a mile southwest of site A (Pamela Naber-Knox, University of Wisconsin Extension, Geological and Natural History Survey, written commun., 1994). Precipitation was 25.8 in., or about 4 in. below normal, during water year 1990 and 36.2 in., or about 6 in. above normal, in water year 1991 ( fig. 2A) . Maximum monthly precipitation during the study was 8.45 in. in July 1991, or 4.5 in. above the 1961-90 normal precipitation for July for northwest Wisconsin (Pamela Naber-Knox, University of Wisconsin Extension, Geological and Natural History Survey, written commun., 1994)( fig. 3A) . The minimum monthly precipitation as rainfall was 0.62 in. in May 1990 ( fig. 3A ). This was 2.8 in. below the 1961-90 normal precipitation for May for northwest Wisconsin (Pamela Naber-Knox, University of Wisconsin Extension, Geological and Natural History Survey, written commun., 1994).
Streamflow, as indicated by flow in the Bois Brule River, about 30 mi west of the North Fish Creek Watershed, was less than the long-term average in water year 1990 and greater than the longterm average in water year 1991 (table 2 and fig. 2B ). The Bois Brule River Watershed is about 37 percent larger than the North Fish Creek Watershed, but the two streams and watersheds are hydrologically similar. Streamflow characteristics for the Bois Brule River and North Fish Creek sites are summarized in table 2. The annual average streamflow in water year 1990 at the Bois Brule River was about 16 percent below the average annual streamflow for the 1943-91 period; in water year 1991 the annual average streamflow was 4 percent greater than the average annual streamflow for the 1914-91 period. Peak instantaneous flow for the Bois Brule River during water years 1990-91 was less than the 2-year-recurrence-interval flow (Krug and others, 1992, p. 25) .
Streamflow at site C was more responsive than streamflow at sites A and B to the approximately 11 in. greater precipitation in water year 1991 than in water year 1990 ( fig. 3A and 3B ). The annual average streamflow was 16, 13, and 72 percent greater in water year 1991 than in the water year 1990 at sites A, B, and C, respectively (table 2). The large increase in the annual average discharge for site C was because a larger proportion of runoff from the watershed above site C was from overland flow than from the watersheds above the other two sites. A hydrograph-analysis program by White and Sloto (1990) was used to do the separation of overland flow and baseflow from total flow. Overland flow at site C makes up 50 to 60 percent of total streamflow (table 2), whereas overland flow at sites A and B makes up only 20 to 30 percent of the total streamflow (table 2) .
NORTH FISH CREEK NEAR BENOIT (SITE C)
North Fish Creek near Benoit (site C) is the most upstream of the three sampling sites. The altitude of the channel at this site is about 900 ft above sea level. The watershed upstream from the site is predominantly forest, hay, and pasture lands although a small part (less than 10 percent) is rowcrop farmland. The low-water sampling and measuring cross section was about 70 ft upstream from a concrete culvert under U.S. Highway 2. Most of the streambed at this cross section is coarse gravel, but some sand, silt, and clay can be found at the edges of the water. The high-flow sampling and measuring cross section was at the culvert entrance. Near-channel vegetation upstream and downstream froTi the cross section is mostly trees and low brush, ""he streambed at this cross section was the concrete apron of the culvert entrance. The steep apron and culvert slope (greater than critical slope), caused supercritical and turbulent flow at the sampling cross section. Hence, all sediment was assumed to be transported in suspension.
Sediment Transport
The total-sediment transport at North Fish Creek at site C is represented by two equations in which streamflow is the explanatory variable ( fig. 4) . A linear equation describes the relation between streamflow and total-sediment discharge if stream-T flow is less than or equal to 34 ft /s. For streamflows greater than 34 ft3/s, a second-degree polynomial equation describes the relation. Both equations were used to calculate total sediment discharge.
Suspended-sediment concentrations ranged from 3 to 168 mg/L (table 3). Streamflow ranged from 1.5 to 435 ft3/s (table 3). The daily average streamflow during the study, for which the transport T equations were used, ranged from 1.5 to 320 ft /s.
Sediment Particle Size
Suspended sediment was predominately silt and clay (particle sizes less than 0.0625 mm). The average composition of silt and clay in 24 samples from site C was 77 percent (table 3). The percentage of particles greater than sand size (0.0625 mm) generally increased with increasing streamflow (table  3) . The greatest percentage of sand observed in any suspended-sediment sample was 53 percent on March 14, 1990, at a streamflow of 366 ft3/s (table  3) . Particle-size information on bedload and bed Table 3 . Streamflow and suspended-sediment concentration and particle size at North Fish Creek, site C material was not available for site C because they were not sampled.
Sediment Load
Average annual total-sediment load during water years 1990-91 was 479 tons. Annual total-sediment load was 368 tons in water year 1990 and 590 tons in water year 1991 (table 4). The maximum monthly total load was 214 tons in March 1990, and the minimum monthly total load was 2.2 tons in January and February 1990 (table 4, fig. 3C ).
Most of the sediment load (about 88 percent) was transported during periods of snowmelt or storm runoff. Consequently, sediment transport was greatest during months of greatest streamflow (table 4 and fig. 3B and 3C) . In water year 1990,85 pe-cent of the annual total-sediment load was transported during March and September (table 4). In water year 1991, 65 percent of the annual total-sediment load occurred during the months of October, 1 larch, and September (table 4) .
In water year 1990, 272 tons (74 percent) of the annual total-sediment load was silt and clay, or particles finer than 0.0625 mm in diamete*-; 95.9 tons (26 percent) was sand, or particles coarser than 0.0625 mm in diameter (table 4). In water year 1991, 444 tons (75 percent) of the annual total-sediment February 1990
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May 1990
June 1990
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September 1990 load was silt and clay, and 146 tons (25 percent) was sand (table 4) . Therefore, the percentage of sand load was constant even though the total load in water year 1991 was almost twice that in water year 1990.
NORTH FISH CREEK NEAR MOQUAH (SITE B)
North Fish Creek near Moquah (site B) is the middle sampling site ( fig. 1) . The altitude of the channel at this site is about 670 ft above sea level. The cross section for low-and high-water sampling and measuring is at the upstream side of the bridge at Old Highway 2 and approximately 75 ft downstream from the confluence of North Fish Creek with Pine Creek. Most of the streambed at the cross section is composed of fine to medium sand and small gravel. About 10 ft of the streambed along the left side of the base-flow channel is predominately boulders. The Table 5 . Streamflow and suspended-sediment concentration and particle size at North Fish Creek, site B form. About 90 percent of bedload particles ranged from 0.125 to 1 mm in diameter, as is shown in figure 8 .
Sediment Load
Total annual sediment load at site B was 11,960 tons in water year 1990 and 18,430 tons in water year 1991 (table 6). About 97 percent of the total-sediment load during water years 1990 and 1991 was transported during periods of snowmelt and storm runoff. The maximum monthly total load was 5,000 tons in March 1990, and the minimum monthly total load was 40 tons in November and December 1989; January, February, and June 1990; and January and August 1991 (table 6 and fig. 3C ).
About 60 percent of the annual total-sediment load was sand or particles coarser than 0.0625 mm in both water years. In water year 1990, 7,200 tons of the annual total load was sand; in water year 1991, 11,030 tons was sand (table 6). As at site C, percentage of sand load was constant even though the total load in 1991 was 1.5 times greater than in water year 1990.
NORTH FISH CREEK NEAR ASHLAf'D (SITE A)
North Fish Creek near Ashland (site A) is the most downstream of the three sampling sites ( fig. 1) . The altitude of the channel at this site is about 615 ft above sea level. The cross section where low-and high-water sampling and measuring was done was at the downstream side of the U.S. Highway 2 bridge. The channel width ranged from 52 ft at the smallest Streamflow to 107 ft at the largest Streamflow at streamflows ranging from 76 to 1,090 ft /s (table  7) . Suspended-sediment concentrations ranged from 6 to 733 mg/L (table 7) . The daily average flows for which the equations were used ranged from 15 to 880 ft3/s ( fig. 9 ).
observed. Most of the streambed consisted of sand, but the right edge of the channel bed was silty. The near-channel vegetation upstream and downstream from the sampling section consists of large trees and low brush. The channel banks, which are only about 2 ft higher than the water surface at base flow, are overtopped during high flows.
Sediment Transport
The total-sediment transport in North Fish Creek at site A is represented by two equations in which streamflow is the explanatory variable ( fig. 9) . Both of the equations describe linear relations; one equation applies to streamflow less than or equal to 80 ft3/s; the other applies to streamflow greater then o 80 ft /s. The equations are based on total-sediment discharges that were calculated by use of the modified Einstein procedure from data that were collected
Sediment Particle Size
On the average, suspended sediment at site A was about evenly split between silt and clay (particles smaller than 0.0625 mm) and sand-size particles. The silt and clay fractions of 20 samples ranged from 16 to 95 percent and averaged 53 percent as shown in figure 10 . The percentage silt and clay did not show a trend related to streamflow (table 7) . The largest particles were 0.5 mm in all but four of the samples and no particles were greater than 1 mm.
The surface bed material was fairly uniform in size. The particle sizes of 20 samples ranged from 0.0625 to 4 mm ( fig. 11 ). About 70 percent of the material ranged between 0.3 and 1.0 mm.
The Helley-Smith bedload samples were of fairly uniform particle size. About 90 percent of bedload particles ranged from 0.125 to 1 mm, as shown in figure 12. October 1989 November 1989 December 1989 January 1990 February 1990 March 1990 April 1990 May 1990 June 1990 July 1990 August 1990 September 1990 
Sediment Load
Total annual sediment load at site A was 20,690 tons in water year 1990 and 33,100 tons in water year 1991 (table 8) . About 86 percent of the total-sediment load during water years 1990-91 was transported during periods of snowmelt and storm runoff. The maximum monthly total load was 6,050 tons in March 1990, and the minimum monthly total load was 310 tons in February 1990 (table 8, fig. 3C ).
About 67 percent of the annual total-sediment load was sand or particles coarser than 0.0625 mm. In water year 1990, 13,910 tons of the annual total load was sand; in water year 1991, 22,240 tens was sand (table 8) . Table 7 . Streamflow and suspended-sediment concentration and particle size at North Fish Creek, site A 
COMPARISON OF LOADS AT SITES A, B, AND C
There was little relation between watershed area and average annual loads at the three sites for water years 1990 and 1991. Almost half (41 percent) of the watershed above site A is above site C, but total load at site C was only 2 percent of the total load at site A. Silt and clay, and sand loads at site C were 4 percent and 1 percent of the loads at site A.
Forty percent of the watershed above site A is between sites B and C. However, 54 percent of the total load, 64 percent of the silt and clay load, and 49 percent of the sand load were derived from this part of the watershed at site A. About 3 percent of the total sediment load transported passed site B is from the watershed above site C.
The watershed between sites A and B, which is only 19 percent of the watershed above site A, yielded 44 percent of the average annual total load at site A. The watershed between sites A anc1 B yielded 32 percent of the silt and clay load and 50 percent of the sand load at site A.
SUMMARY
North Fish Creek is underused as a trout and salmon hatchery despite its excellent water quality. The shifting-sand streambed in the lower 9 mi of the stream inhibits successful spawning and is a poor habitat for macroinvertebrates, the primary food for juvenile trout and salmon. To provide data necessary for evaluation of potential sand-loading-control practices, the USGS determined total-sed; ment transport, particle sizes, and loads for three sites on North Fish Creek during water years 1990-91. Annual average streamflow, as indicated by flow in the Bois Brule River, was about 16 percent below average in water year 1990 and about 4 percent above average in water year 1991. Annual peak flow was less than the 2-year-recurrence-interval flow during both years.
Owing to the high flow velocity at the sampling section at site C, all sediment was transported as suspended sediment. Suspended-sediment concentrations ranged from 3 to 168 mg/L. The average composition of silt and clay in 24 suspended-sediment samples was 77 percent. The average annual sediment load for water years 1990 and 1991 was 479 tons. About 88 percent of the load was transported during periods of snowmelt or storm runoff. About 75 percent of the sediment load was silt-and clay-size particles; the remainder was sand. Total-sediment discharge was calculated by use of the modified Einstein procedure to determine the relation of total-sediment transport and streamflow for site B. Data collected at streamflows ranging from 53 to 901 ft3/s and suspended-sediment concentrations ranging from 4 to 840 mg/L were used in the calculations. On the average, silt and clay composition of 20 suspended-sediment samples was 65 percent. Bed-material particle size ranged from 0.0625 to 32 mm. Annual total-sediment load was 11,960 tons in water year 1990 and 18,430 tons in water year 1991. About 97 percent of the tofal load was transported during periods of snowmelt and storm runoff. About 60 percent of the total-sediment load was sand-size particles.
Relation of total-sediment transport and streamflow for site A were determined from totalsediment discharges calculated by use of the modified Einstein procedure. Data collected at st~eam-flows ranging from 76 to 1,090 ft /s and suspendedsediment concentrations ranging from 6 to 733 mg/L were used in the calculations. The average silt and clay composition of 20 suspended-sediment samples Water year 1990
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September 1990 There was little relation between watershed area and sediment loads for the three sites. The watershed of site C is about 41 percent of that above site A, but the sand load at site C was only 1 percent of that at site A. The watershed area between sites B and C is 40 percent of that above site A, but this area yielded 49 percent of the sand load at site A. Twelve percent of the watershed above site A is between sites A and B, yet this area yielded about 50 percent of the sand load at site A. 
